Abstract: Terahertz magneto-optical spectroscopy on a two-dimensional hole gas reveal a nonlinear dependence on the applied magnetic field. This is due to its complex non-parabolic valence band structure, as verified by multiband Landau level theoretical calculations. . Furthermore, they can be used as high electron mobility transistors and to detect infrared (IR) and THz radiation, as well as in fundamental studies of cavity quantum electrodynamics [5].
Introduction
Two-dimensional electron gases (2DEGs) in semiconductor heterostructures have been the subject of continual interest since the discovery of the integer quantum Hall effect (QHE) in 1980, displaying a wide variety of quantum phenomena such as the fractional QHE [1], composite fermions [2] , high magnetic field-induced Wigner crystal phases [3] , and 2D metal-insulator transitions [4] . Furthermore, they can be used as high electron mobility transistors and to detect infrared (IR) and THz radiation, as well as in fundamental studies of cavity quantum electrodynamics [5] .
Previous studies have mainly been focused on 2DEGs, due to their high electron mobility. However, in recent years, it has become clear that their use in the burgeoning areas of quantum computing and spintronics will be limited, due to the strong interactions between electron spins (in an s-type conduction band) and nuclei. This makes spin coherence very fragile, which can destroy information before it can be processed. In this regard, a two-dimensional hole gas (2DHG) would have an advantage, as the p-type hole valence band has a reduced hyperfine interaction with the nuclei, leading to longer spin coherence times for holes. Furthermore, the Rashba effect (electric-field-induced spin splitting) can be made much stronger in a 2DHG than in a 2DEG. Consequently, 2DHGs are more interesting for future spintronics and quantum information applications, making it particularly important to explore their physics in depth.
Here, we used THz-time domain spectroscopy to measure the cyclotron frequency, effective mass, and carrier scattering time in a high mobility 2DHG under a quantizing magnetic field. Unlike IR or microwave spectroscopy, THz-TDS yields both the amplitude and phase of the THz electric field transmitted through the sample [6], allowing us to directly measure the cyclotron frequency and the scattering time in the time domain. We concurrently performed these experiments on both 2DEG and 2DHG to get more insight into their physics. Our experiments reveal an unexpected nonlinear dependence of the cyclotron frequency on the DC magnetic field, B, in the 2DHG, due to the non-parabolic valence band structure.
Experimental and sample details
The samples used in our experiments were grown using molecular beam epitaxy on a 625 Pm thick (001) GaAs wafer. The two-dimensional electron (hole) gas layer consists of a 30 (15) nm thick GaAs quantum well, modulation doped to a carrier density, , of ~1.8 x 10 11 cm -2 (2DEG) and ~1.4 x 10 11 cm -2 (2DHG) at 1.5 K and 0.3 K, respectively [7] . Coherent single-cycle THz pulses were generated by focusing 50 femtosecond pulses (800 nm, 80 MHz) on a photoconductive dipole antenna. The sample was then placed in a split-coil superconducting magnet, allowing us to vary the magnetic field perpendicular to the sample surface (Faraday geometry) from 0 T to ± 6 T. All measurements were performed at 1.8 K (k B T~0.03 THz).
Results and Discussion
The DC measurements for the 2DHG displays well-developed quantum Hall states ( Fig. 1 (a) ). From the plateau structures seen in these measurements, we could identify the corresponding Landau level filling factor, , as
978-1-55752-968-8/15/$31.00 ©2015 Optical Society of America FM1B.8.pdf marked in Figure 1(a) . The cyclotron motion (Faraday rotation) is an odd function of B, meaning that the direction of motion reverses when B is reversed. Thus, the induced THz transients along the y axis due to the cyclotron resonance in the 2DHG are given by . These transients are shown for selected DC magnetic fields in Figure 1(a) ; we note that similar measurements were performed on the 2DEG [7] , agreeing well with previous experiments [8, 9] . Clear oscillations are observed that last much longer than the incident THz pulse duration (Fig. 1(a) ), which are linked to the high mobility of the 2DHG, as will be shown below. The measured cyclotron oscillations can be fit using the equation, , where WCR is the scattering time, E 0 is the DC offset and A 0 is the amplitude of the oscillations. The fit agrees well with the data, and the fit parameters ZC and WCR are plotted as a function of B in Figs. 1(b) and (d) . The most noteworthy feature in this data is that ZC varies linearly with B at low fields (<4T), but begins to saturate at higher fields. The initial linear fit up to 4T gives the effective mass (Fig. 1(c) ). To understand the nonlinear dependence of ZC on B, we performed multiband Landau level calculations (open symbols in Fig. 1(b) ) from which it is clear that this effect is due to the non-parabolic band structure of the 2DHG. This is influenced by the interactions between light hole (LH) and heavy hole (HH) valence bands, as compared to the parabolic sub-band structure in the conduction band of the 2DEG. Apart from this we also see an irregular dependence of WCR on B, which may be related to the contributions of different Landau level transitions to the measured cyclotron frequency in the 2DHG. 
Conclusion
In conclusion, we used THz magneto-optical spectroscopy to reveal the nonlinear dependence of the cyclotron resonance frequency and effective mass on magnetic field in a 2DHG. This is likely due to the existence of coupled non-parabolic valence bands in the 2DHG, causing the transition energies between them to vary nonlinearly with magnetic field, as verified by our calculations. We also observed weak oscillations in the carrier scattering time with increasing magnetic field for both the 2DHG. To the best of our knowledge, this is the first measurement of these parameters as a function of magnetic field in a two-dimensional hole gas using THz-TDS, shedding light on the novel properties of 2DHGs that should stimulate further studies of these unique nanosystems.
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